Biomechanical forces and endothelial-mesenchymal transition (EndoMT) are known to mediate valvulogenesis. However, the relative contributions of myocardial contractile and hemodynamic shear forces remain poorly understood. We integrated 4D light-sheet imaging of transgenic zebrafish models with moving-domain computational fluid dynamics to determine effects of changes in contractile forces and fluid wall shear stress (WSS) on ventriculobulbar (VB) valve development. Augmentation of myocardial contractility with isoproterenol increased both WSS and Notch1b activity in the developing outflow tract (OFT) and resulted in VB valve hyperplasia. Increasing WSS in the OFT, achieved by increasing blood viscosity through EPO mRNA injection, also resulted in VB valve hyperplasia. Conversely, decreasing myocardial contractility by Tnnt2a morpholino oligonucleotide (MO) administration, 2,3-butanedione monoxime treatment, or Plcg1 inhibition completely blocked VB valve formation, which could not be rescued by increasing WSS or activating Notch. Decreasing WSS in the OFT, achieved by slowing heart rate with metoprolol or reducing viscosity with Gata1a MO, did not affect VB valve formation. Immunofluorescent staining with the mesenchymal marker, DM-GRASP, revealed that biomechanical force-mediated Notch1b activity is implicated in EndoMT to modulate valve morphology. Altogether, increases in WSS result in Notch1b-and EndoMT-mediated VB valve hyperplasia, whereas decreases in contractility result in reduced Notch1b activity, absence of EndoMT, and VB valve underdevelopment. Thus, we provide developmental mechanotransduction mechanisms underlying Notch1b-mediated EndoMT in the OFT.
Introduction
Cardiac valve development is a critical step in the initiation of an efficient unidirectional flow system (1) . Abnormalities of cardiac valves, including bicuspid aortic valves, aortic stenosis, and pulmonic stenosis, are frequently seen in congenital heart disease (CHD), affecting up to 2% of live births (2) . Valve formation is known to be initiated by endocardial cushion formation and an endothelial-mesenchymal transition (EndoMT), followed by valvular cell proliferation and subsequent remodeling of the valvular leaflets (3) . In addition to genetic factors, these events are tightly regulated by epigenetic cues, particularly biomechanical forces imparted by hemodynamic shear stress and myocardial contraction (4) (5) (6) . Fluid flow reversal has been identified as a key hemodynamic factor that activates the mechanosensitive gene klf2a, a transcription factor in the Krüppel-like factor family (7) . Fluid flow, rather than myocardial contractility, is considered to regulate the development of atrioventricular (AV) valves (6) , whereas myocardial contractility was reported as the key factor in an earlier study (5) , underscoring the challenge of uncoupling the fluid and solid mechanical forces acting on valve leaflet development.
Although technical limitations hamper the evaluation of these biomechanical forces in mammalian development, zebrafish (Danio rerio) embryos, with their optical transparency and short developmental time, have proved to be a genetically tractable model for mechanotransduction studies of cardiac valvuloBiomechanical forces and endothelial-mesenchymal transition (EndoMT) are known to mediate valvulogenesis. However, the relative contributions of myocardial contractile and hemodynamic shear forces remain poorly understood. We integrated 4D light-sheet imaging of transgenic zebrafish models with moving-domain computational fluid dynamics to determine effects of changes in contractile forces and fluid wall shear stress (WSS) on ventriculobulbar (VB) valve development. Augmentation of myocardial contractility with isoproterenol increased both WSS and Notch1b activity in the developing outflow tract (OFT) and resulted in VB valve hyperplasia. Increasing WSS in the OFT, achieved by increasing blood viscosity through EPO mRNA injection, also resulted in VB valve hyperplasia. Conversely, decreasing myocardial contractility by Tnnt2a morpholino oligonucleotide (MO) administration, 2,3-butanedione monoxime treatment, or Plcγ1 inhibition completely blocked VB valve formation, which could not be rescued by increasing WSS or activating Notch. Decreasing WSS in the OFT, achieved by slowing heart rate with metoprolol or reducing viscosity with Gata1a MO, did not affect VB valve formation. Immunofluorescent staining with the mesenchymal marker, DM-GRASP, revealed that biomechanical force-mediated Notch1b activity is implicated in EndoMT to modulate valve morphology. Altogether, increases in WSS result in Notch1b-and EndoMTmediated VB valve hyperplasia, whereas decreases in contractility result in reduced Notch1b activity, absence of EndoMT, and VB valve underdevelopment. Thus, we provide developmental mechanotransduction mechanisms underlying Notch1b-mediated EndoMT in the OFT.
genesis (8) . Of their 2 cardiac valves, the AV valve has been the most studied, and the ventriculobulbar (VB) valve, which forms between the ventricle and the bulbus arteriosus, has received less attention. These valves are structurally similar to mammalian valves, and the developmental cellular events of valvulogenesis are largely conserved among species (1) . Previous studies have focused on the role of fluid shear stress in valve development; however, there remains a paucity of data elucidating the relative importance of contractile and hemodynamic shear forces in the outflow tract (OFT) of the developing zebrafish embryo (5, 9) , and the downstream signaling pathways and effects on VB valve development remain largely unknown.
One target of mechanosignaling in the OFT is the Notch pathway, which is highly conserved and regulates developmental events, including cell fate specification, cell proliferation, and apoptosis (10) . During cardiovascular development, Notch signaling is known to mediate EndoMT (11, 12) and ventricular chamber development (13) , and mutations in the Notch pathway cause defects of the aortic valve and myocardial trabeculation (10, (14) (15) (16) (17) . Changes in hemodynamic forces, such as low shear or disturbed flow, induce differential expression of endothelial Notch signaling genes (18) . Additionally, myocardial contractile forces have been shown to activate endocardial Notch signaling in the developing zebrafish heart (19) . In this context, we have sought to assess how alterations in myocardial contractile versus hemodynamic shear forces regulate Notch-mediated VB valve morphology.
In the present study, we used a custom-designed 4D light-sheet imaging system (selective-plane illumination microscopy, SPIM) to image transgenic zebrafish lines in vivo (Figure 1 and refs. 17, 20, 21) . These images were coupled with moving-domain computational fluid dynamic (CFD) modeling (20, 22, 23) to quantify the relative importance of contractile versus hemodynamic shear forces to activate Notch1b/EndoMT signaling to mediate VB valve morphogenesis. Our results suggest that myocardial contractile forces are essential to the initial formation of the VB valve, while hemodynamic shear stresses contribute to VB valve leaflet growth.
Results
Pharmacological modulation of cardiac structure and function. To modulate cardiac hemodynamic shear force, we treated embryos with a selective β 1 -receptor antagonist to reduce heart rate (metoprolol tartrate), a myofibrillar ATPase inhibitor to decrease myocardial contractility and subsequent heart rate (2,3-butanedione monoxime [BDM]), or a nonselective β-receptor agonist to increase myocardial contractility (isoproterenol), starting at 24 hours after fertilization (hpf). Embryos treated with metoprolol and isoproterenol showed no gross abnormalities in cardiac morphology at 48 hpf (Figure 2 , A, B, and D), whereas those treated with BDM showed marked accumulation of precordial fluid (edema), associated with pooling of red blood cells in the sinus venosus ( Figure 2C ).
Both metoprolol and BDM reduced the mean heart rates (HRs) by 27.4% and 48.4%, respectively ( Figure 2E ), whereas isoproterenol increased mean HR by 7.5%. PLCγ1 morpholino oligonucleotide (MO) injection reduced mean HR by 56.3%, though notably, there was only atrial contraction (no ventricular contraction) present in this group. Tnnt2a MO injection resulted in no heartbeat. EPO mRNA and Gata1a MO injections reduced the mean HRs by 15.9% and 12.7%, respectively.
Metoprolol did not affect ventricular fractional shortening (FS) as compared with controls, whereas BDM, PLCγ1 MO, and Tnnt2a MO significantly decreased FS ( Figure 2F ) and ventricular strain ( Figure  2G ). Isoproterenol increased FS and ventricular strain. EPO mRNA and Gata1a MO modestly increased FS, but compared to the control group, this slight increase did not achieve predefined statistical significance (P = 0.11 for EPO mRNA and P = 0.07 for Gata1a MO). Metoprolol, EPO mRNA, and Gata1a MO did not significantly affect ventricular strain compared to the control group ( Figure 2G ).
We determined ventricular ejection fraction (EF) using 4D SPIM-acquired imaging (Table 1 ; n = 4 per group). Results showed that (a) metoprolol had no significant effect on EF (71% ± 5% vs. control at 74% ± 4%, P = 0.98), (b) BDM significantly decreased EF (55% ± 8%, P = 0.001 vs. control), and (c) isoproterenol significantly increased EF (89% ± 4%, P = 0.01 vs. control). Although the ESV was smaller in the isoproterenol group, there were otherwise no significant differences in ESV, EDV, and stroke volume among the groups (Table 1) . BDM produced a trend toward decreased stroke volume (P = 0.07 vs. control). Altogether, these results indicate that isoproterenol and BDM affected myocardial contractility, while metoprolol did not significantly affect contractility.
Furthermore, we performed the following genetic modifications: (a) Gata1a MO injection to reduce hematopoiesis and subsequent blood viscosity and wall shear stress (WSS); (b) EPO mRNA injection to increase erythropoiesis, viscosity, and WSS; (c) NICD mRNA injection to induce Notch activity; (d) PLCγ1 MO injection to inhibit ventricular contractility alone; and (e) Tnnt2a MO injection to inhibit both atrial and ventricular contractility. The Gata1a MO, EPO mRNA, and NICD mRNA groups demonstrated similar contractility to the control group (Table 1) . Meanwhile, as expected, the PLCγ1 MO and Tnnt2a MO groups demonstrated significantly reduced stroke volumes and contractility compared with the control group.
Pharmacological modulation of hemodynamic shear force in the OFT. Intraventricular velocity streamlines (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.124460DS1) and endocardial WSS parameters at 56 hpf ( Figure 3 and Supplemental Figure 2 ) were reconstructed by time-dependent CFD simulation (22, 23) with the moving domain based on SPIM-derived 4D images. Effects of isoproterenol, metoprolol, and BDM treatments (n = 5 per group; Figure 3 , C and D) on fluid velocity were compared in the ventricles and OFT of embryonic hearts ( Figure 3, A and B) . Compared with the control group, isoproterenol significantly increased the average velocity through the OFT (P = 0.0003), while metoprolol and BDM significantly decreased the average velocity (P = 0.018 and P = 0.009, respectively). EPO mRNA and Gata1a MO injections did not significantly affect the OFT velocity.
Next, WSS was averaged over 1 cardiac cycle to calculate the time-averaged WSS (TAWSS) in the OFT ( Figure 3 , E and F). Compared with the control group, isoproterenol increased, but metoprolol and BDM decreased, TAWSS (n = 5 per group; P < 0.0001 for isoproterenol; P = 0.0009 for metoprolol; P = 0.0002 for BDM; Figure 3F ). Increasing blood viscosity with EPO mRNA injection increased TAWSS in the OFT, while decreasing viscosity with Gata1a MO injection decreased TAWSS.
We further assessed fluctuating WSS (FWSS), time-averaged WSS gradient (TAWSSG), and oscillatory shear index (OSI) in the OFT (Supplemental Figure 2) . Although the trends in both FWSS and TAWSSG were similar to those observed in TAWSS, there were no significant differences in OSI in response to any of the treatments. Contractile force modulation of valve leaflet morphology. To determine whether cardiac contractile force modulates VB valve leaflet morphology, we treated the embryos with pharmacological modifications. SPIM imaging revealed that control and p53 MO-injected embryos developed normal VB valves by 5 dpf (Figure 4 , A and B, and Supplemental Video 1). Metoprolol (which reduced TAWSS but preserved normal myocardial contractility) had no effect on VB valve size ( Figure 4C ), whereas BDM treatment (which reduced both TAWSS and myocardial contractility) resulted in the absence of VB valve leaflets ( Figure  4D and Supplemental Video 2). Tnnt2a MO injection (causing loss of myocardial contractility) resulted in an underdeveloped OFT and the absence of AV or VB valve leaflets ( Figure 4E ), and Plcγ1 MO injection (causing loss of ventricular contractility but preserved atrial contractility) led to similar findings (Supplemental Figure 3 ). Conversely, isoproterenol (which increased TAWSS and increased myocardial contractility) resulted in elongated, hyperplastic VB valve leaflets ( Figure 4F Figure 4) . Thus, enhanced myocardial contractility and the resulting increase in TAWSS caused VB valve hyperplasia, and reduced cardiac contractility inhibited VB valve formation.
Hemodynamic force modulation of valve leaflet morphology. To determine whether hemodynamic shear force modulates VB valve leaflets, we microinjected EPO mRNA to increase erythropoiesis, with resulting increases in viscosity and WSS. Results showed hyperplastic VB valve leaflets in the Tg(fli1a:GFP) line ( Figure 4G ). The same enlargement occurred in response to NICD mRNA microinjection ( Figure 4H and Supplemental Video 4), which increased Notch activity in the Tg(tp1:GFP) Notch reporter line. However, VB valve leaflets were normal in size in response to Gata1a MO microinjection (which reduced hematopoiesis, resulting in reduced blood viscosity) ( Figure 4I ). As a corollary, VB valve leaflet size also increased significantly in response to isoproterenol, EPO mRNA, and NICD mRNA ( Figure 4J ). Thus, augmented WSS promoted VB valve leaflet enlargement, whereas reduced WSS had no effect on leaflet size.
Cardiac contractile force modulation of Notch1b activity. To demonstrate the role of contractile force-mediated Notch1b activity in VB valve morphogenesis, we assessed Notch1b signaling using tp1 expression as a reporter in Tg(tp1:GFP) embryos. Results showed Notch1b activity was prominent in both the OFT and AV canal (AVC) at 3 dpf ( Notch1b activity was accentuated in response to isoproterenol and EPO mRNA microinjection in the OFT, but it was not affected by Gata1a MO microinjection. The mean intensity of Notch1b activity in the OFT (normalized to activity in the respective ventricle) based on 3D reconstruction of SPIM-derived images ( Figure 5 , B and D) tended to increase with NICD mRNA microinjection at 3 dpf but less so at 4 dpf ( Figure 5 , B and D), consistent with the anticipated duration of the effects of mRNA microinjection. These findings suggest that both contractile force and hemodynamic shear stress modulate Notch1b activity in the OFT.
Attempts to rescue VB valve leaflet formation in Tnnt2a MO-injected (Supplemental Figure 5A ), Plcγ1 MO-injected (Supplemental Figure 5B) , and BDM-treated embryos (Supplemental Figure 5C ) with NICD mRNA injection were unsuccessful, and no VB valve leaflets were present at 5 dpf in these groups.
Contractile force modulation of EndoMT in the OFT. Expression of the cell surface adhesion molecule, DM-GRASP, is considered a marker for the EndoMT occurring when endocardial cells differentiate into valve-forming cells in Tg(cmlc:mCherry) embryos at 4 dpf (24). In the ventricular myocardium ( Figure 6A ), confocal images revealed immunoreactivity for DM-GRASP at the intercellular borders of the cmlc + cardiomyocytes. In the AVC (Figure 6B ), DM-GRASP was prominent in the AV valve leaflets where cmlc + cardiomyocytes were absent. In the OFT (Figure 6C ), DM-GRASP immunoreactivity was also prominent in the VB valve leaflets where myocardial cmlc was absent. Thus, DM-GRASP immunoreactivity identified differentiated endocardial cells in both AV and VB valve leaflets.
To determine the effects of pharmacological interventions on endocardial cell differentiation in the OFT, the volumes of DM-GRASP + , cmlc -regions in the OFT were quantified (n = 4 per group, Figure  6D ). Isoproterenol increased the volume of the DM-GRASP + , cmlc -region (P = 0.04 vs. control). Similarly, increasing WSS in the OFT with EPO mRNA injection increased the volume (P = 0.008 vs. control), and increasing Notch signaling with NICD mRNA injection resulted in a similar trend (P = 0.08). Metoprolol had no significant effect (P = 0.98 vs. control; Figure 6E ). BDM-mediated attenuation of myocardial contractility resulted in no DM-GRASP + , cmlc -cells in the OFT (P = 0.0003 vs. control; Figure 6 , D and E). Overall, EndoMT, identified by the volume of the DM-GRASP + , cmlc -regions in the OFT, was increased by isoproterenol and EPO mRNA, inhibited by BDM, and unaffected by metoprolol, suggesting that the effects of these interventions on valve morphogenesis are through EndoMT.
To determine whether the increase in VB valve leaflet sizes in the isoproterenol, EPO mRNA, and NICD mRNA groups was a result of cellular hyperplasia, the number of cells in the VB valve leaflets was evaluated ( Figure 6F ). Isoproterenol treatment resulted in increased cell number in the VB valve leaflet at 4 dpf compared with control (P = 0.0002), as did EPO mRNA (P < 0.0001) and NICD mRNA treatments (P = 0.0002). Thus, the increases in VB valve leaflet sizes that resulted from increased WSS and Notch1b signaling were the result of VB valve leaflet hyperplasia.
Discussion
Since the seminal study by Hove et al. (4) , several investigators have demonstrated the critical role of fluid shear stress and Notch signaling in the proper development of the heart (6, 7, (25) (26) (27) . In the present study, we sought to distinguish the roles of solid versus fluid forces in Notch1b-mediated valve morphogenesis in the ventricular OFT, using 4D SPIM and moving-domain CFD in a zebrafish model of valvular development. To our knowledge, this study is the first to evaluate the mechanotransduction of VB valve development, because prior studies have focused on the AV valve. Results suggest that myocardial contractile force is the predominant regulator of the initial development of the VB valve, through a process that is, at least partially, Notch independent. Meanwhile, hemodynamic shear stress coordinates with contractility to regulate Notch1b-mediated EndoMT, leading to VB valve leaflet growth and, in conditions of augmented shear stresses, hyperplasia. However, the relative contributions of contractility and shear stress remain to be fully decoupled. These proposed mechanisms are summarized in Figure 7 .
Our findings show Notch1b activity to be prominent in the valve-forming regions (AVC and OFT) of the embryonic heart (Figure 4) , consistent with previous studies (28) . Although our CFD analysis demonstrates that these are the regions experiencing the highest flow velocities and thus highest WSS, we found that reduction of WSS alone with preserved myocardial contractility (with metoprolol treatment or Gata1a MO injection) did not affect Notch1b activity in the OFT, similar to previously observed results (20, 28) . However, Notch1b activity was attenuated in response to BDM-, Tnnt2a MO-, and PLCγ1 MO-mediated reduction in contractile force, leading to the failure of valve formation. As such, myocardial contractile forces (rather than hemodynamic shear forces) may be required to promote Notch1b-mediated valve formation. We further elucidated how hemodynamic shear forces modulate endocardial Notch1b activity in the OFT. Increasing Notch signaling by transient ectopic expression of N1IC, which encodes the active intracellular domain of Notch1, was reported to induce hypercellularity in AV valves of zebrafish (11) . Corroborating these findings, EPO mRNA-injected embryos, which have increased blood viscosity and thereby experience increased WSS, demonstrate similarly increased Notch1b activity and VB valve hyperplasia. Further, isoproterenol also significantly augmented TAWSS-mediated Notch1b activity, resulting in hyper- plasia of the VB valves. However, decreasing viscosity and WSS with Gata1a MO injection had no significant effect on Notch1b activity or VB valve morphology, similar to that observed in the metoprolol-treated embryos ( Figure 2F ). This finding was consistent with a previous study showing no significant effect of Gata1a MO injection on AV valve formation (28) . Only those treatments that inhibited myocardial contractility (BDM, Tnnt2a MO, Plcγ1 MO) impaired VB valve formation. Although hemodynamic shear forces play a lesser role in initial valve formation, they play a prominent role in promoting VB valve growth, and augmentation of WSS (through increased myocardial contractility or increased blood viscosity) results in increased Notch1b activity and subsequent VB valve hyperplasia.
The present work assesses the relative importance of contractile versus hemodynamic forces on the VB valve, which is analogous to the human aortic valve. Although the 2 valves may have developmental similarities, differences are found in mice, including spatiotemporal differences in VEGF signaling (29) , differential responses to Notch inhibition (16) , differing contributions from the neural crest (15) , and differing hemodynamic forces in the 2 regions (30) . The coordination between contractility and flow modulates valve development and remodeling following endocardial cushion formation (4, 27) . The Notch1 pathway is critical to both early valve development and post-EndoMT aortic valve development via TNF-α in mice (16) . Valve endothelial cell-specific (VEC-specific) inhibition of Notch1 signaling was reported to promote Figure 5 . Effects of changes in hemodynamic shear force on Notch1b activity in the developing OFT. Confocal microscopy images (maximum-intensity projections) of the OFT and AVC in the Tg(tp1:GFP) Notch1b reporter zebrafish line at (A) 3 dpf and (C) 4 dpf with the indicated treatments. Scale bar: 50 μm. Notch1b activity was prominent in both the OFT and AVC in control embryos. Notch1b activity was more prominent in the OFT in response to isoproterenol, as well as with increasing blood viscosity with EPO mRNA microinjection and with upregulation of Notch activity with NICD mRNA microinjection. Notch1b activity in the OFT was nearly absent in response to BDM and DAPT treatments. (B and D) 3D quantification of the mean intensity of Notch1b activity in the OFT (normalized to activity in the respective ventricle) at (B) 3 dpf and (D) 4 dpf was significantly higher with isoproterenol treatment and EPO mRNA injection, consistent with these groups having more prominent VB valvular leaflets. Additionally, Notch1b activity in the OFT was significantly lower with BDM and DAPT treatments (n = 5 per group). Data are presented as mean ± SD; *P < 0.05; † P < 0.01; ‡ P < 0.001; § P < 0.0001; 1-way ANOVA with Dunnett's multiple-comparisons test.
hyperplastic valves, whereas VEC-specific overexpression of Notch1 resulted in hypoplastic valves (16, 31) . However, modulation of Notch1 activity in valve interstitial cells had no effects on valve development (31, 32) . Although some studies suggest that Notch1 plays an inhibitory role in valve cell proliferation, this inconsistent finding may be species specific (11) .
In our study, the relative importance of myocardial contractility and WSS in Notch1b-mediated VB valve development was not necessarily binary. Further increases in contractility and WSS led to valve leaflet hyperplasia, in part mediated by increased endocardial differentiation into valve-forming cells via EndoMT ( Figure  6 ). Rugonyi et al. showed that cardiac contractility and hemodynamic load increase EndoMT in the OFT of developing chick embryos (33) . Butcher and Merryman et al. further demonstrated shear stress-and myocardial contractility-mediated EndoMT in vitro (34, 35) . The absence of endocardial cilia may prime these valve-forming regions to undergo TGF-β-mediated EndoMT (36, 37) . The central role of endocardial cell signaling in valve development is recapitulated in the absence of valve formation in our endocardial endothelial lining-depleted, cloche-mutant embryos (Supplemental Figure 4) . The cloche mutants failed to undergo cardiac looping in preparation for valvulogenesis. Similar to BDM-treated embryos, the cloche mutants developed significant precordial edema. This observation confirmed WSS-mediated Notch activity in the endocardial endothelium modulates the initiation of cardiac trabeculation and valve formation (15, 17, 20) .
Other flow-sensitive signaling pathways play a role in valve morphogenesis. The miRNA miR-21 is reported to participate in flow-mediated valve development. Fraser, Vermot, and colleagues have demonstrated that the flow reversal-mediated transcription factor, klf2a, an upstream regulator of Notch1b signal- -valve leaflets in the indicated treatment groups (n = 6 per group, except n = 5 for the NICD mRNA group). Data are presented as mean ± SD; *P < 0.05; † P < 0.01; ‡ P < 0.001; § P < 0.0001; 1-way ANOVA with Dunnett's multiple-comparisons test.
ing in zebrafish embryos, regulates valve development (7, 28) via modulation of fibronectin synthesis (26) and mechanosensitive ion channels (7) . Cyclic mechanical loading also promotes valve remodeling and elongation (38) . Despite changes in VB valve morphology in response to different pharmacological treatments, our moving-domain CFD analysis revealed no significant difference in OSI (Supplemental Figure  2) . However, the high variability seen in the measured OSI values in the OFT may suggest the need to enhance our model's temporal resolution to capture flow reversal characteristics within this region.
Notably, attempts to rescue VB valve leaflet formation in Tnnt2a MO-injected, PLCγ1 MO-injected, and BDM-treated embryos with NICD mRNA coinjection were unsuccessful (Supplemental Figure 5) . In previous studies, despite evidence of the rescued expression of downstream targets Efrin2a and NRG1 (19), Notch1 activation was unable to rescue myocardial trabeculation in Tnnt2a MO-injected embryos (17) . Taken together, these experiments underscore myocardial contractility as a driving force in VB valve leaflet formation, which may signal through both Notch-dependent and Notch-independent pathways.
The strengths of the current study include the high spatiotemporal resolution imaging of our 4D SPIM technique, which allows for visualization of the dynamic VB valve motion that is not well visualized on alternative imaging modalities and for quantification of valve leaflet volumes. To our knowledge, this is the first study to assess VB valve volume in response to hemodynamic modulation. Although the use of 2D moving-domain CFD modeling linked 3D hemodynamic forces (time and 2D plane) with mechanotransduction underlying AV valve morphogenesis, further increases in our computing capacity would enhance the use of 4D CFD (time and 3D space) to evaluate the hemodynamic microenvironment in the developing OFT. Nonetheless, the OFT WSS values obtained in our moving-domain CFD model system are consistent with previous studies (9) .
In summary, integration of 4D light-sheet acquired imaging with the transgenic zebrafish system provides a computational basis to determine the mechanotransduction mechanisms underlying Notch-mediated valvular pathologies. Our data support the notion that myocardial contractility contributes to initial VB valve formation independently of hemodynamic shear stresses, while hemodynamic shear stresses promote endothelial Notch1b-mediated EndoMT in the OFT. This mechanotransduction pathway for VB valve development and hyperplasia has translational implications for dysmorphic valves in human CHDs.
Methods
Zebrafish maintenance. Adult zebrafish were raised in the aquarium system located in the vivarium of the UCLA. Fish were maintained with filtered fresh water under a 14-hour light/10-hour dark cycle. The following transgenic zebrafish lines were used: Tg(fli1a:GFP), Tg(gata1:dsRed), Tg(tp1:GFP), and Tg(cmlc:mCherry). David Traver at UCSD and Nathan Lawson at the University of Massachusetts Medical School (Worcester, Massachusetts, USA) provided the Tg(tp1:GFP) line (UCLA Zebrafish Core Facility). The fli1a promoter-driven enhanced GFP is expressed predominantly in vascular endothelial and endocardial cells. Gata1 is an erythroid-specific transcription factor allowing for visualization of red blood cells with red fluorescent protein. The Epstein-Barr virus terminal protein 1-transgenic (tp1-transgenic) zebrafish belong to a Notch reporter line containing 2 RbpJκ binding sites for NICD, thereby reporting regional Notch1b activation (39) . Embryos from the transgenic zebrafish were transferred to a Petri dish and incubated at 28.5°C. To maintain zebrafish embryo transparency, the medium was supplemented with 0.003% phenylthiourea to suppress pigment formation as previously reported (20) . We also used the cloche-mutant zebrafish line, in which the endocardium is absent (40) . Chemical treatment and genetic manipulation to modulate cardiac hemodynamics. At 24 hpf, isoproterenol hydrochloride (100 μM, MilliporeSigma) was applied to E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 in ddH 2 O) to increase HR and contractility (41), while metoprolol tartrate (100 μM, MilliporeSigma) or BDM (10 mM, MilliporeSigma) was applied to reduce HR and contractility (5) . MOs (GeneTools) were designed against the ATG of Gata1a (5′-CTG-CAAGTGTAGTATTGAAGAT-GTC-3′), Tnnt2a (5′-CGCGTGGA-CAGATTCAAGAGCCCTC-3′), and Plcγ1 (5′-AGAGCGTCCTCCT-GA CCTTGATGAG-3′). The morpholinos were resuspended in nuclease-free water and injected at 8 ng/ nl, 4 ng/nl, and 2 ng/nl, respectively, at the 1-to 2-cell stages. Gata1a is a transcription factor that is essential for erythroid differentiation, and microinjection of embryonic zebrafish with Gata1a MO has been shown to reduce hematopoiesis and viscosity by 90% (28, 42) . Microinjection with Tnnt2a MO inhibits the expression of cardiac troponin T (Tnnt2a), resulting in a noncontractile atrium and ventricle (43) . Microinjection with Plcγ1 MO recapitulates the dead beat mutation, resulting in selective inhibition of ventricular myocardial contractility (44) . EPO mRNA (20 pg/nl) was injected at the 1-cell stage to increase blood viscosity by increasing hematopoiesis (45) . NICD mRNA was injected at the 1-cell stage to promote the ectopic overexpression of Notch signaling as previously described (46) . DAPT (100 μM, MilliporeSigma), a γ-secretase inhibitor that inhibits the cleavage of NICD from the Notch receptor, was diluted in 1% DMSO and added to E3 medium to inhibit Notch signaling at 24 to 72 hpf (17) .
4D cardiac SPIM imaging. To visualize the dynamic cardiac architecture and valvular leaflet morphology and motion, we integrated our in-house 4D SPIM imaging system (Figure 1 ) with postprocessing synchronization as previously described (17) . Briefly, using the SPIM technique, we scanned approximately 50 sections from the rostral to the caudal end of the zebrafish heart. Each section was captured with 50 lateral (or cross-sectional) planes at 10-ms exposure/frame via an sCMOS camera (Hamamatsu, Flash 4.0). The thickness of the light-sheet was tuned to approximately 1 μm to provide a high axial resolution for adequate reconstruction of the 3D cardiac morphology, and the axial scanning was set to 2 μm for lossless digital sampling according to the Nyquist sampling principle (47) . To synchronize with the cardiac cycle, we established the cardiac periodicity frame to frame by comparing the pixel intensity from peak systole (smallest ventricular volume) to end diastole (largest ventricular volume) (20, 48, 49) . We processed reconstructed 4D images using Amira software (FEI). To measure the VB valve leaflet volume, a 3D image stack was selected in midsystole with the VB valve open, and the volumes of the leaflets were measured from base to tip.
Cardiac hemodynamic measurements. Based on SPIM-derived images with a nongated, 4D synchronization computational algorithm, the ESV and EDV were measured in Tg(fli1a:GFP) zebrafish embryos at 56 hpf using Amira software. The EF was calculated as (EDV -ESV)/(EDV × 100). The stroke volume was calculated as EDV -ESV. HR was measured by counting the number of beats over a 15-second period.
To measure 2D ventricular diameter change, we used SPIM imaging of embryos at 56 hpf. The captured images were segmented to create the 2D moving boundary conditions with 600 nodes, and the nodes were guided to replicate cardiac wall motion captured by SPIM segmentation. Customized MATLAB code (MathWorks) was used to calculate the strain as defined by the time-dependent changes in displacement (D) between the individual time steps as described previously (17, 22) :
where D 0 represents the initial displacement at time = 0, and D at time = Δt. FS was calculated by measuring the changes in displacement between end diastole and end systole:
(Equation 2)
Moving-domain CFD modeling. Moving-domain CFD modeling of zebrafish embryos was used as described previously (22, 23) . Briefly, the individual developmental stages were captured using SPIM technique, and video frames were processed using ImageJ (NIH). A custom program written in MATLAB (MathWorks) was then used to create 2D segmentations of the endocardial boundary and an unstructured mesh representing the blood volume. Points were selected on the image to trace the boundary of the endocardium, and then the MMG2D software (50) was used to create a point cloud. A Delaunay triangulation algorithm was then used to generate an unstructured triangulated mesh. The segmentation step was performed with the heart at end systole. A nonrigid, deformable image registration technique was used to extract the endocardial boundary's motion (20, 23, 51, 52) . Using this approach, a source image (e.g., at end systole) was registered to a target image (e.g., at end diastole) by minimizing a similarity function, and a cubic B-spline transformation was used to deform the control points on the source image during registration. A Laplacian-based smoothing operator weighted by a regularization coefficient was added to the similarity function to ensure that the deformations were smooth and nonintersecting. These computed deformations were then used to morph the initial segmented endocardium boundary, and the process was repeated sequentially for all images throughout the cardiac cycle. Based on the wall motion determined by image registration over the cardiac cycle, the triangulated mesh was deformed accordingly during the CFD simulation as described below (20) .
We modeled blood flow in a moving domain as incompressible Newtonian fluid governed by the Navier-Stokes equation written in arbitrary Lagrangian-Eulerian formulation as follows (20):
(Equation 3)
where and p are the fluid velocity and pressure, respectively; is the endocardial wall velocity; and ρ and μ are the fluid density and viscosity, respectively. We solved the above equations using the open-source svFSI solver from the SimVascular project, a parallelized finite element solver that uses stabilized linear finite elements for spatial discretization, uses the stable and second-order accurate generalized-α method for time integration, and uses a modified Newton-Raphson method for the linearization of the nonlinear Navier-Stokes equation (53) . The solver has been thoroughly validated (22, 54) and was earlier used to simulate cardiac hemodynamics in zebrafish embryos (22, 23) and in studies of congenital heart disease in humans (55) . The velocities were previously validated with velocities of red blood cell flow obtained via particle imaging velocimetry (22) . The computed velocity field was then postprocessed to extract WSS defined as:
( Equation 4) where, is the stress vector aligned along the normal to the endocardium boundary with a unit normal . We then computed WSS-derived metrics, including (a) TAWSS, which is WSS averaged over the entire cardiac cycle; (b) OSI, which indicates the change in the direction of the shear vector during the cardiac cycle; (c) TAWSSGs, which capture the spatial variation of WSS along the endocardial surface; and (d) FWSS, which determines the dynamic range of the WSS magnitude experienced by the endocardial layer during the cardiac cycle. The mathematical expressions for these quantities are given below:
(Equation 5)
where, and T c is the cardiac cycle duration. For this study, we computed the parameters only in the OFT region and ignored the remaining ventricular surface.
Localization and quantification of Notch1b activity. The Tg(tp1:GFP) Notch reporter line was used to visualize and quantify endocardial Notch1b signaling. At 3 dpf, embryos exposed to the indicated treatments were randomly selected to image cardiac Notch1b activity using either confocal microscopy (Zeiss) or SPIM. Confocal images of Notch1b activity and the endocardial/endothelial layers were acquired at 2-μm intervals in the z axis and superimposed to visualize the distribution and intensity of Notch1b signaling. SPIM-derived images were reconstructed into 3D images using Amira software, and the mean intensity of the GFP
